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SYNOPSIS 


Effect of oxidation on mechanical properties of 
modified 9Gr-lMo ferritic steel is studied in the temper- 
ature range of 25°0 to 540°C with respect to two different 
type of Heat Treatment, normalized and (1 040^0 for 

1 hr I air cooled to room temperature, 760°C for 1 hr, air cooled 
to room temperature), annealed and normalized (850oC for 
1 hr, furnace cooled to room temperature, 'fS0°Q for 1 hr* air 
cooled to room temperature) Heat treated sanples were 
oxidized at 650°0 at one atmospheric pressure of commercial 
oxygen for varying times in order to get the required oxygen 
in sample Effect of micro structure on varioi^ mechanical 
properties (tensile, fatigue, creep-fatigue, stress-rupture) 
has been discussed 

Mechanical tested saii|£Les ware examined using optical 
microscopy, SBM and X-ray diffraction. 
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CHAPTgl 1 
INTRODUCTION 

The currently 9-12 Or ferrrtac steels are of highr-level 
interest for pressurized components at hi^ temperature , in 
power generating industries ' A strong recommendation is 
made for the development of a modified 9 Cr-1 hi^ strength 
steel to offset the difficulties encountered with commercially 
available steels of the 8-12% Or group because of its good 
corrosion resistance, dimensional stability at higher temper- 
ature, weldability, fabricability, void swelling resistance, 
mechanical properties^ Substitution of 9 Cr-1 Mo steel 

for 18 Cr - 8 Ni steels will constitute significant conser- 
vation of both chromium and nickel^ Due to these 
properties, it is being considered for the future structural 
material in solar centrtJL receivers, fossile system, nuclear 
electric power generating industry, like Liquid Metal Rast 
Breeder Reactor (JsWM .) , ijRast Rlux Test facility Reactor 

(FITSR), Gas Cooled Past Breeder Reactor (GCPBR), A number 
1 2 

of papers » * have been published high lighting the 
mechanical properties of these steels However, very few 
publications appeared in literature which can hig hlig ht the 
mechanical properties of modified g Cr-1 Mo steel with 
respect to oxidation Present work has been carried out 
keeping this in view. 
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Various mechanical properties, tensile, fatigue, 
creep-fatigue, stress -rupture, of modified 9 Cr-1 Ifo steel 
(after oxidation) has been studied at temperature ranging 
from 250G to 540 ° G 

The literature survey made on these steels and related 
alloy steels is summarised below 

1 1 Constitution of Alloy 

Growing importance of ferritic steel in nuclear power 

generating system, an stringent ccraposition of alloy is 

needed Por the high temperature oxidation resistant steel, 

11 

the carbon content should be kept as low as possible 
A minimum amount of Or, between 8 and 16%, must be present in 
Pe-Cr alloy to produce a scale, protective in temperature 

12 13 

range 647“947°C » , Mo is strong carbide former, so its 

addition in small amount 0 5 " 1 *0% (sufficient to combine 

with carbon) gives higher oxidation resistance, improved 

1 4 

creep strength and tensile strength of steel ^ but laigher 

percentage of Mb at 900°0 leads incimsed rate of oxidation 

1 1 

due to cracking of scale Vanadium and niobium are 

stronger carbide fonaer, even small attKJUnts less than 1% 

can be inqportant. They improve the high temperature mechanical 

14 

properties , Higher siLioon content of steel shows beneficial 

11 

result for oxidation at 800~900o0 But its hi^er content 
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also leads to high ductile to brittle transition temperature 
(DHTT) and low impact energy, early onset of the tertiary 

1 14 

creep ’ , so optimum Si content is req.uired Therefore this 

led to development of modified 9 Gr-1 Mo ferritic ate^. 

^ 2 Heat Treatment and Microstructure 

Depending upon the use of the steel, three different 
heat treatments are in practice, full annealing for constru- 
ction material, Isothermal annealing for pipes, normalizing 
and ten^jering for forgings and plates. The modified alloy 
is also recommended for use in normalized and tempered 
condition (I0400G for 1 hr, air cooled to room temperature, 
760°0 for 1 hr, air cooled to room temperature)^ 

Pigure 1 1 shows austenitic microstructure of modified 
alloy (net Or = 11 35^) at about 9000. A normalizing temper- 
ature 1040°C, a little higher than for conventional alloy 
steels was applied to dissolve niobium carbide and vanadium 
carbide, resulting Into improved hardenability^ , so air 
cooling from 1040°0 to room tengperature results into 
nKirtensitic structure and tempering at 76O0C will result 
into tempered martensitic structure (ferritic) with 
fine carbide precipitates of Cg[(Cr,I‘e,V)2^(0,N)gjand 
M) [Nb(0,N)]^»^»^ , 

Sikka at al.^ reported that a decrease of 14 to 280C 
in terapeidjjg temperature from 760®0 substantially increased 
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yxeld strength and ultimte tensile strength for test 
temperatures through 427^0 

1 3 Oxidation of Iron 

Iron forms three stable oxides Wustite, FeO, Ifegnetite, 

Fe^O^, and hemtite, FegO^ The oxide formed on iron depends 

upon the temperature of oxidation process The iron-oxygen 

eq.uilibriuin diagram is shown in Fig 1.2 FeO is a p-type 

conductor The defects consist of vacant cation sites and 

an equivalent number of electron defects, represented 

3+ 

oberaically trivalent Fe ion Consequently high diffusion is 

essentially cationic via vacant cation sites, also 

exists with an excess oxygen, but the excess is much smaller than 

11 

wustite, and correspondingly less defect concentration , 

Both cations and anions diffuse in Hematite is an 

1 5 

n-type conductor in which anions largely diffuse . 

Above 2500C and at normal pressure of air or oxygen, 

1 6 

the oxidation rate of iron has been reported to he parabolic 

It is reported that upto 9OO0C, most of the scale consists 

of FeO and at this tenperature, the amount of and 

1 7 

FegO^ starts to increase rapidly Taache has reported 
that below 625 oC the scale is one layered and consists of 
essentially of ^©5^4 Above 625°0 the oxide occurs in two 
layers where FeO is adjacent to metal and ^©^0^ conqposes 
the outer layer. The growth of oxide takes place by ionic 
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diffusion and thickness of each layesc in the oxide scale 
IS determined by the ionic diffusion through that layer 
Simplified picture in I'lg 1 3 eaerges for oxidation mechani- 
sm of iron above 600 However diffusion of oxygen in PeO 
and in Pe^O^ can not be ruled out 

Effect of oxygen pressure on the oxidation of iron 

1 5 

was studied by Caplan et al, at 500*^0 They found that 
oxidation was lower at 1 0 torr than at 760 torr owing to 
greater separation between oxide and metal 

It is reported that cold work iron oxidizes faster 

than annealed iron Since, Pe^O^ formed on cold work iron 

either has leakage paths for easy diffusion or a steep 

1 8 

cation vacancy gradient or both , 

1.4 Oxidation of Alloy Steel 

Perntic steel depends for their corrosion resistance 

on the formation of a thin protective layer oxide scale, 

normally consisting of either GigO^ or a spinel containing 

11 

small amounts of iron, and other alloying addition If 
this layer is disrupted by excessive oxidation or destroyed 
by constituents of envrionment, the oxidation resistance of 
that alloy is severely diminished Perntic steels consists of 
chromium and molybdenum. At low Cr content of steel, both 
chromium rich and iron rich oxides form on the surface 
Some chromium will enter solution m PeO phase due to stability 
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of spxnel The solubility xs limited An increase in rate 

2 + 

constant is rar^y observed On increasing Sr content, Fe 
ions are progressively blocked by FeCigO^ islands, and the 
FeO layer correspondingly becomes thinner relative to 
Fe^O^ layer thickness but still reaction rate is quite fast 
and typical of pure iron When the Or content is iiwr eased 
further, a scale of mired spinel Fe (Fe, Cr)20^ is produced 
and the parabolic rate constant is lowered Iron ions are 

' 54 * 

much more mobile in this oxide than Cr ion So at longer 
time quite pure oxides can be found at the outer surface 
of the scale when the oxidation rate is controlled by diffu- 
sion of iron ions through the inner mixed spinel layer. 

The parabolic rate constant shows a minimiim at 16-22^ Cr for 
all temperature, 923 to 1223°K^^*^^ A minimum amount of 
Or (between 8 and 16%) must be present in Fe-Gr alloy to 
produce a scale which is protective in the temperature range 
920 - 1220 OK, 

Small concentration of Wb, upto a few percent, some 

what improves the oxidation resistance of iron at 60 O-IOOOOC 

Vanadium does not contribute to improvement of the oxidation 

of steels for high temperature oxidation resistant steel 

12 

The carbon content should be kept as low as possible 

19 

Verma reported. Or diffusion rates in ferritic 
and austenitic steels indicates that Cr depletion at 
corroding metal surface is greater in austenitios than in 
ferritics. Thus, the metallic substrate of femtica should be 
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more resistant to corrosion folloving oxide spalling 

than that of austenitic a resulting m delayed break away 

kinetics The antioxidation properties of this modified 

9 Cr-1 Mo steel in steam is better than 9 Cr-2 >fo, 2 25 Cr-I Mo, 

1 5 

steels and comparable with that of stainless steel ’ , but 
due to its low Si contents, the modified alloy revealed 
higher weight gain in steam at 538°C than that of standard 
9 Or - 1 Mo alloy^ 

8 

Smgh et al reported oxidation of this steel in 
air and oxygen They foui^ that oxidation rate constant is 
logarithmic from 550 to T50°G, linear or paralinear fiom 
750 to 850OC and parabolic at 950^0 

1 5 Mechanical Properties of Modified 9 Cr-1 Mo steel 

Sikka et*al,^'^»^ carried out extensive investigation 
at the mechanical properties of modified 9 Gr-1 Mo ferritic 
steel* 

1 5.1 Tensile Properties 

In terms of yield and ultimate tensile strengths, 
the modified 9 Or- 1 Mo steel is better than standard 
9 Gr-1 Mo, 2 25 Gr-1 Mo, 504 stainless steel upto 650-700°C » » 
As far as allowable stress is concerr^d, Pig 1.4 depicts 
superiority of modified 9 Cr-l Mo over other steels Plow 
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properties axe very much dependent on temperature, strength 
decreases and dictility increases as the temperature of 
test IS increased^^»^^ 

Prom the various tensile data for the modified 

A 

9 Cr-1 Mo steel, Brooker et al worked out the mathematical 
models to fit with yield strength and ultimate tensile 
strength 

log ~ ^h ~ ^ Olaxlo“’\ + 4 152 x1o''S^-5 644x1 

and 

log ‘y = - 1 508x1 0“^ + 6.l5x1o”S^ - 7. 481x1 0"^^ 

where is ultimate tensile strength (MPa), cr is 0,2^ 

V 

off set yield strength (MPa), and T is tenqperature (‘’G) 

(All logarithiois are base 10) The term c!^ and cj are 

h h 

lot constants, which reflect lot to lot variability in UTS 
and yield strength, re^ectively. 


1 5.2 Hardness 

Tempering temperature affects largely the hardness of 
modified 9 Cr-1 Mo steel The as— hardened hardness of 
modified 9Cr-1hfo is hi^er than that of stancte.rd 9Cr-lMo 
and lower than that of 12 Cr— 1 Mo (HT 9 ) The higher hardness 
of modified gCr-lMo than standard gOr-iMb is probably due 
to its finer gjoiinsiae The hx^er hardness of HE 9 than 
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standard and modified gCr-lMo steel is due to low carbon 
content in later The peak hardness of this steel is 
obserTed at 510°C The peak temperature and hardness 
for modified 9Cr-lMo steel are higher tlwi those of 
standard 9Gr-lMo steel The peak hardness of 12Cr-lMo is 
higher than that of modified 9 C^”lMo and peak temperature 
IS nearly same* 

The tempered hardness at 76 O 0 O of modified 9Cr-lMo 
IS about the same as observed from standard SGT-^'Mo steel 
The ten^iered hardness of 12Gr-lMo is hi^er than those of 
both standard and modified gCr-lMo steel This is expected 
from the amount of carbides present in HT 9 as compared 
with 90 r-lMo steels, 

153 gatigue and Creep “-Fatigue 

Sikka et al ^ study revealed that modified alloy 

has about the same fatigue strength as type 316 stainless 

steel m the range of 525 to 593 °C, The alloy also has 

4 

superior fatigue life beyond lO cycles to 2 25 Gr-lMo, 

6 

standard 9 Cr-*tMo and type 304 stainless steal, Jones 
carried out the study about the microstructural changes 
of this steel during cycling Very little microstructural 
evolution occurs in I 000 hr at 538oC without cycling while 
extensive changes occur with cycling The synergisra 
between temperature and mechanical cyol^ing acfcelerates the 
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development of equiaxed aubgrains wxth low dislocation density 
and much coarsened IC and carbides. This evolution 

in substructure changes the dominant strengthening mechanism 
from dislocation substructure and precipitation hardening 
to interaction solid solution strengthening from Mo and V 
An increase in amount of lyfo in carbides indicates that 

longer duration creep-fatigue tests would yield even more 
softening. 

1,5.4 Creep Strength 

Creep-rupture properties of ferritic steels have been 

1 5 2 ’^ 24 

studied extensively by several workers Sanderson 

carried out stress rupture tests for 9Cr-2Mo, variants steels, 
at 550°0 both of them exhibited a stqjerior rupture strength 
to 9Cr-lMo steel, their increased alloy content-allowing 
elevated temperature strengthening ly solid solution and 
dispersion hardening mechanism 

In 9Cr-lMo steel creep process takes place by 
matrix deformation leading to localiaed areas of a highly 
recovered dislocation mesh. Within these locally 
recovered regions, secondary precipitation of an Mg X dispersion 
takes place Wo evidence of grain boundary sliding or 
cavitation in temperature range 475“550®C had been 
found^^*^"^ 

1 4 

Sikka et al. ' reported that modified 9^1''“^ Mo steel 
has creep strength that exceeds that of standai^ and imidified 
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steels in the range 2 2 to 12^ Cr-Mo for the entire temper- 
ature range (427-704°C) The modified 9Cr-lMo steel shows 
creep-rupture strength coraparahle to that of type 304 stain- 
less steel upto about 625°C The modified alloy also 
possesses superiority over other ferritic steels in regard 
to ductily to creep rupture 

4 

Booker et.al, worked out an mathematical model for 
creep-rupture data for modified 9C3?-lMo steel as 


log I'p = + a^ a+ 8^2 logo + a^/E 


where, 

t^ = rupture life (h) , 
cr = stress (MPa) , 

T = teu^erature (K), 
a,-a 3 = resreasion aoastanta 

= lot constant 



Impact properties of modified 90r-lMo steels has 

been compared with that of standard gCr-lMo steels 
1 

Sikka et al carried out the impact test for modified 
9Cr-lMo and standard gCr-lifo ste^s BBTT of modified 
9Cr-lMo is lower than that of standard 90r-lMo steel 
Impact energy for modified alloy is better than the 
standard alloy. Si content affected the cbarpy properties. 
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The lower Si produces lower transition tenperature and higher 
impact energy Higher impact strength of modified 9Cr-lMo steel 
IS attributed to low Si content and finer gramsize 

It is evident from literature review that no study 

of the effect of structure on mechanical properties of this 

steel has been done under the oxidized condition Hence, it 

of 

was thought desirable to nrvestigate the eff ect^structure of 
the steel, on the mechanical properties under oxidized condition 
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CHAPTER 2 
BXPBRIMBHTil, 


2 1 Material 

Modified SOr-lMo steel was obtained from Oak Ridge 
National laboratory, Tennessese, USA through kind 
courtesy of Mr Ashok K.Khare, Chief Metallurgist National 
forge Company Pennsylvania, USA in the form of 1 cm 
thick plate The chemical composition of alloy is given 
below 


Element C ^ Si S P Cr Mo V Nb N Ni Pe 


wt pet, 085 .46 .41 .004 OlO 8 46 1 02 1 98 . 072 05 I .09 Balance 


2 2 Processing of the Materaal 

The received alloy was annealed (850°0 for 1h and 

-3 

furnace cooled to room temperature) in vacuum (IO rm of Hg) 
and then cold rolled to approximately 1 mm thickness without 
any intermediate annealing 
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2 3 Specimen Prepaxation 

Rectangular strips vith the longitudinal axis 
parallel to the rolling direction were cut f 2 X)in the cold 
rolled sheet followed hy degreasing and annealing in vacuum 
(10 mm of Hg) (8500C for 1h and furnace cooled to room 
temperature) The specimens as shown in Fig 2 1 were made 
for mechanical testing. 

Two different treatments were given to specimens, 

-3 

Specimens were normalized and tempered in vacuum of 10 mm 
of Hg (1040°G for 1 b-, air cooled to room temperature, 760oG 
for 1h, air cooled to room temperature). Few specimens 
were annealed and norngilized (850°C for 1 hr, furnace cooled 
to room temperature, 760 °G for 1h, air cooled to room 
temperature) Finally the specimens were polished from 
both the sides up to 4/0 energy paper and washed with 
distilled water and acetone before using in experiment. 

After this specimens were weighed using microbalance having 
readability of 0,05 mg* 


2.4 Oxidation in Oxygen 

Figure 2 3 shows the view of system used for 
oxidation and heat treatment. Three samples were oxidized 
simultaneously. The free suspension of each sample, was 
achieved by hanging them from the hookes attached with 
platinum ring which in turn was suspended from the top of the 
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quartz reactoon chamber by another platinum wire The 
furnace used had kanthal wire winding with uniform temper- 
ature zone controlled within + 4°C A screw jack was used 
to move the furmce up and down The whole system was 
evacuated using mechanical pump to a vacuum better than 10 
mm of Hg and then flashed three times with commercial 
oxygen obtained from Indian Oxygen Iiimted, in order to 
remove the air impurities and then filled with oxygen at 
pressure slightly less than 1 atm. When required temperature, 
650^0 is reached in the uniform temperature zone of 
furnace The quartz reaction chamber is brought in the 
uniform temperature zone of furnace with the help of screw 
jack At this temperature oxygen pressure inside the system 
rose slightly above the 1 atm (1 atm + 3—5 ram of Hg) which 
avoids even minor leakage of air into system The samples 
were oxidized for varying times 30 , 60 , 90 minutes, in 

order to get required: oxygen in samjde, as the oxidation for 
3 hrs at 650° G resulted into surface buckling 

At the end of eao^'run the furnace was lowered and 

the samples were allowed to cool m the same reaction chamber* 

Finally, the samples were removed trom the system and the 

weight increase of the individual sample and the pi^iceCL 

appearance was noted* 
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2 5 Mecnanical T eatiTur 
2.5 1 Tensile Testing 

All tensile testings upto 540°G were carried out 

with Instron 1195 model A cylindrical furnace with 

kanthal wire winding was used to get the desired temperature 

Required temperature profiles were obtained by varying voltage 

and current settings Pig 2 2 shows the temperature profiles 

of the successful rune Tensile tests were carried at 

four temperatures, 25°G, 203°G, 4250 G, 540°C Samples of 

four different oxygen concentration (in the range of 0 to 

0 05 ^ oxygen) tested at each temperature m the air For 

high temperature test, bead of chromel-alumel thermo-couple 

was tied at gauge region inorder to get spot recording of 

temperature and sample was mounted in the tram assembly 

with the help of hot die steel grip The temperature 

variation during test at the gauge region was +4®G, The 

strain rate and the cimt speed were constant throughout the 

—5 

tensile testing and they were 1^,66x10 /sec and 20mm/win 
After sample failure, it was removed from Instron machine 
and cross-section at fracture was m^sured with the help of 
travelling microscope, 

2,52 Fatigue and Oreep-fatiguo Testing 

Low cycle fatigie tests for four different oxygen 
content carried out with 8l0 Material Testing System, The 
saiaples were repeatedly cycled with minimum and maximum load 



FJg 1 1 Sample design 









» cocfc 
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(saw tooth type loading) xn tensile region, The maxiraum 

2 

stress was selected from tensile test results (46 Kg/mm 

2 

for annealed and normalized , 72 Yg/tm for normalized and 
tendered) The ratio of maximum stress to minimum stress 
and frequency of cycling were kept constant throughout 
the testing as 10 and 30 cycle/sec respectively Tests 
were carried out till the failure of saniples and corres- 
pondingly number of cycles to failure were recorded 

Creep-fatigue test was carried out at 540^ with 
same Instron machine Mounting and testing of sample 
were done in the similar way as that in tensile testing 
Ratio of minimum stress to maximum stress and cross-head 
speed were kept constant throughout the testing, 0 1 and 
10 mm/mm, respectively m this case also The frequency 
of cycling was calculated which varied from sample to 
sample due to variation in cross-section area of gauge 
region Total number of cycle and time to failure for 
each sample were recorded 

253 Stress-rupture Testing 

Stress-rupture tests at 540°G for four different 
oxygen concentration, were carried out with SAIEBG System 
Yarious trail settings for voltage and current were done 
for three zones of furnace (Kanfchal wiring) in order to 
get 540O0 at the san^le gauge region. Thermocouple bead was 
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tied to gauge region of sample so that spot temperature 

could be recorded The temperature variation during test 

was + 3°G Three trail runs were made at various stress 

2 

and then initial applied stress 28 Fg/mm was selected 
based on trials Sample was mounted in assembly, and 
furnace was put on As soon as required temperature of 
540°C is reached, the stress is applied carefully, and 
timer is put on Instant elongaticm is noted using 
Gathedometer (readability 0*01 mm) which was preset on 
the specific mark on the assembly Intermittent elongation 
was recorded till the rupture takes place At the instant 
of rupture, machine stops automatically and gives the time 
to rupture (creep^2o°°'^^^^ continuously, instant the 
load is applied but increase in strain is not TOiasurable 
unless certain increment in strain (not known) at which 
motor runs to make assembly vertical), 

2 6 Optical Microscopy (Metallography) 

Mechanical tested samples were mounted on perspex 
slabs using adhesive tapes They were polished up 4/0 
emery paper to remove the oxide from surface and the 
polished on wheel, using 1 pm alumina suspension The 
polished surface of sample was the etched with piorol 
(1%) for 20-40 seconds and examined under the optical 
microscope and the miorostructures were photographed. 
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2 7 Practography (S.B M.) 

The fracture surfaces of mechanical tested samples 
were examined in the scanning electron microscope An 
aluminium sample holder with a slit to accomodate the 
sample and a secrew to hold intact was made The whole 
fracture surface was scanned and the notable features were 
photographed 


2 8 X-ray Diffraction 

X-ray diff 3 ?action rur© were taken by diffractometer 
for two samples, unoxidized sample, tested at room temper- 
ature, oxidized and stress-ruptured (540°0) sample Copper 
with filter, was used as target material Continuous recording 
of 29 vs Intensity was made by diffractometer 
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2 7 Pmctography (S.B M ^ 

The fracture surfaces of mechanical tested samples 
were examined in the scanning electron microscope An 
aluminium sample holder with a slit to accomodate the 
sample and a secrew to hold intact was made The whole 
fracture surface was scanned and the notable features were 
photographed, 

2 8 X-ray Diffraction 

X-ray diffraction runs were taken by diffractometer 
for two samples, unoxidized sample, tested at room teuqper— 
ature, oxidized and stress-ruptured (540°G) sample. Copper 
with filter, was used as target laterial Continuous recording 
of 20 vs Intensity was made by diffractometer. 
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Various terms arid imthematical formulae used in 
tbas work are defined teiefly as fellows 

The maximum load which the specimen can with stand 
without failure is called the load at ultimate tensite 
strength and corresponding stress 

P 

a sz xs called ultimate tensile 

u A 

0 

strength or tensile strength The yield strength is the 
minimum stress at which specimen is deformed (yield) 
without a noticeable increase in load The offset yield 
strength is determined by the stress correspondin^y required 
for getting 0,2 percent off-set strain* 



Ductility is the measurement of the ability of 
the metal to flow before fracture. The conventional 
measures of ductility that are obtained from the tension 
test are the engineering strain at fracture e^ (usually 
called the elongation) and the reduction of area at fractura q 
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where L^, are fractured and original length and 
are fractured and original cross-sectional area respectively 
Umform strain is based on the strain up to Tnaximum 
load It represents the elongation oust befofe start to 
necking Fracture strength, is the load corresponding to 
fracture point divided by original cross sectional area 


Of = Pf Aq 

Actually metal continues to strain harden all the way 
upto fracture, so that the stress required to produce further 
deformation should also increase So true fracture stress 
IS the load at fracture divided by the cross-sectional area 
at fracture 


_ ^ Y ^ 

f " Af - ^ 



1 

1-q. 


The true fracture strain is the true strain based 
on original area A^ and area after fracture A^ 




Stress applied for fatigue test is represented by 
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stress ratio B. 

a 

B_ _ roin 
“^ax 

where cr is maxiinum stress and cf is mimmum stress 
max min 

in the repeated stress cycle 

In the coaxing, specimen is tested for large number 
of cycles below fatigue limit and the stress is increased m 
small increments after allowing a large number of cycles to 
occur at each stress level 

The results of various mechanical tests of modified 
9Cr-lMo steel are summarized and discussed here 

3 1 Results 
3 1 1 Tensile Test 

The data obtained from the load vs elongation plot 
of INSTRON at various teiE 5 )erature, oxygen concentration 
are shown in Appendix-A (Table 1-8) Variation in liLtimate 
tensile strength, for both normalized and tempered, 
annealed and normalized condition, with oxygen concentration 
at various temperature are shown in Figures 3 1 and 3 9 
respectively A general features observed are that the 
tensile strength decreases with ten 5 )erature This is in 
agreement with the results obtained by Sildca et al ^ 



When the temperature is raised 540°C from 425°^, the 
tensile strength drops considerably. The tensile strength 
decreased slightly with increase in the oxygen concentration 
at the test tenqjerature* Normalized and tempered steel has 
shown higher strength than that of annealed and normalized 
steel 

The variation of yield strength with oxygen concen- 
tration, at various temperatures are given in Figures 5 2 
and 3 10 for normalized and tengiered, annealed and normalized 
samples Similarly, Figures 3.3 and 3 depict the variation 
of engineering fracture strength with oxygen concen- 
tration at various temperature for normalized and tempered, 
annealed and normalized samples The plots for yield strength, 
fracture strength show similar futures as that of ultimate 
tensile strength plots. 

The plots for change in true fracture strength with 
oxygen content at various temperature, for normalized ar«i 
tempered, annealed and normalized samples are shown m 
Figures 3 4 and 3,12, They depict large scattering in 
the strength so it is not possible to draw any inference 

TNe figures3 5 and 3 13 indicate the variation 
of total elongation with oxygen concentration at various 
temperature, for norinalizod and teanpered, annealed and 
notmalized san^des They show slight increase in elongation 
with increase m oxygen content at the teiig)oratur 0 . In 
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normalized and tempered samples, total elongation increases 

■with increase of temperature except a drop at 203*0, this 

1 5 

IS in agreement with the results of various workers hut 
in annealed and normalized samples, total elongation 
increases with increase of temperature Similar kind of 
features are observed with reduction of areas vs oxygen 
plots m Figures3 6 and 3 H, for similarly treated samples 

The variation in uniform elongation with oxygen 
content is shown in I'lg 3 7 for normalized and tempered, 
and I'lg. 3 15 for annealed and nom^ized samples The 
general feature observed is that with increase of oxygen 
content at the temperature, the umforra elongation increases 
slightly. In the normalized and tempered san^jlas^plot for 
203°G lies below 25°G, 540°G above the 250G but below 425®C 
In the annealed and normalized samples, plot for 25^0 lies 
below 425 oG but above the 203*0 and 540°C and plot for 
2030 C lies above that of 540^0 

Plots for true fracture strain ys oxygen concentration 
at various teii:5)eratur0 for normalized and tempered samples 
(Pig 3 8), annealed and normalizai saiiQ>les (Pig 3 16) 
show similar nature as their corresponding plots f cr total 
elongation variation with concentration 

3,1 2 Patigue and Green— Patigue Test 

The results of low cycle fatiguo test at 250C 
for both the normalized, t entered j and annealed and normalized 
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samples are summarized in Table 3 1 Both type of sample© 
show that number of cycle to failure decreases with increased 
oxidation 

The results of creep-fatigue test at 540^0 performed 
on the normalized and tempered samples are given in Table 3.2, 
It reveals that increase of oxygen concentration results in 
the increase of number of cycle to failure. 

Table 9 (Appendix-A) shows results of tensile test at 
540°0 , carried out after creep-fatigue cycling at 540°G 
for the annealed and normalized san^jles With increase of 
maximum stress of cycling, ultimate tensile strength increases 
while ductility (total elongation) decreases. 

3 1 3 Stress-rupture Test 

The results of the stress-rupture test, at 54 - 0 ° 0 ^ 
porfomned on the normalized and t^ipered samples are gxv©n 
in Table 10 (Appendix-A) and creep curves for different oxygen 
concentration are plotted in Big 3 1? Increase in oxygen 
concentration results in the increase of rupture time, 
increase of instantaneous strain on loading, decrease in 
rupture strain and secondary creep rate. 
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Table Patigue Test Results 


! 

Oxygen ; 
content I 
vrt/J I 

t 

L 

1 

Description j 

of treat- { 

ment | 

\ 

^ 

' 1 

Frequency; 
cycles/ I 
sec ; 

^max ! 
stress ! 

Fg/mm ! 

0 * 
jj, mm 

[ 

Cycle to 
failure 

0 

Annealed & 
Normalized 

30 

46 2 

0 1 

30410 

0 01 

Annealed & 
Normalized 

30 

46 0 

0 1 

21120 

0 02 

Annealed & 
Normalized 

30 

46 8 

0 1 

16300 

0 03 

Annealed & 
Normalized 

30 

46 0 

0.1 

10860 

0 

Normalized 
& Tempered 

30 

72.1 

0 1 

141 00 

0.01 

Normalized 
& Tempered 

30 

72 0 

0.1 

13300 

0 02 

Normalized 
& Tempered 

30 

72 0 

0 1 

10500 

0 03 

Normalized 
& Tempered 

30 

72.4 

0 1 

6000 
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TABLE 3 2 The Results of Creep— fat igue at 540°C for 
Normalized and Tempered Samples 


Oxygen 

content 

T r 

1 I 

{Maximum,' 
{stress { 

5 


i f r ~ 

|x-head;Oycle rate’ Cycle to 
speed |fcycle/min)i failure 

|(mm/fcin| j 

1 t » 

t 

{Time to 
{failure 
{(min) 

J 



37 0 

0 1 

10 

24 

5013 

224 


0 0 

37 0 

0 1 

10 

24 

3225 

149 



37 5 

0 1 

10 

25 

4320 

203 


o.oi 

37 0 

0 1 

10 

24 

7677 

^35 



37 6 

0 1 

10 

22 

4II3 

202 


0 02 

37 2 

0.1 

10 

25 

791 6 

332 



37.0 

0 1 

10 

24 

Not failed 432* 







apto 10^ 



0 03 

36 6 

0 1 

10 

24 

8352 

363 



* 

Txme of cycling. 
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TABLE 5 5 X-ray analysis results of modified gCr-tMo 

steel under noruB-lized and tempered 
conditions 

^Cu = “5 54AO :\= 2d sin0 

■ ' 1 

Specification | 

T 

20 j 

1 

1 

d 1 

AO a 

Intensity 

< 

1 

t 

I with 

of specimen ' 

! 

t 

1 


1 

1 

respect 

1 

t 

f 

t 

1 

% 

f 

1 


1 

t 


Unoxidized and 

29 5 

3 024 

60 


75 

tensile 






tested at 25°C 

50 2 

2 956 

30 


57 5 


36 3 

2 472 

17 


21 25 


39 6 

2 273 

16 


20 


43 5 

2 078 

17 


21 25 


44 8 

2 021 

80 


100 


48 7 

1 867 

14 


17 5 


65 

1 433 

26 


■^2 5 

Oxidized for 

23 4 

3 797 

21 


1 4 

1 hr, stress- 

26 9 

3 3l0 

23 


15 3^ 

ruptured at 
5400G 

29 6 

3 0l4 

150 


100 


31 3 

2 854 

17 


11 35 


36,3 

2 472 

40 


26 66 


39 6 

2 273 

52 


34*66 


43 6 

2 073 

50 


33 33 


45 

2 012 

48 


32 


47 8 

1 901 

18 


12 


48 8 

1 864 

33 


22 


57 7 

1 596 

21 


14 


65 2 

1 429 

30 
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Fig- 3*3 Engineering fracture strength vs Fig*3-4 True fracture strenc 
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3.1.4 X-ray Diffraction; 

Results of X-ray analysis of norinalized arui tempered, 
modified 9Cr-lMo steels are shown in Table 3.3, for unoxidized 
tensile tested, oxidized and stress-ruptured samples. With 
comparison of d values listed in X-ray diffraction data 
files, MoO^, identified m 

the oxidized stress-ruptured sample in addition to those 
present in the unoxidized sample. Some of the peaks’ 
intensities in stress ruptured samiiLes are high as compared 
to their counterparts in the unoxidized tensile tested 
sample, vriaile others are low, Appendi:x-B lists the ’d’ 
valu^ for some of important compounds useful for this 
analysis. 

Results of various mechanical test show the ^sattering 
at higher temperature. 

3,2 Discus sior 

3.2,1 Tensile Ironerty : 

In all mechanical properties, samples of two 
different treatments were testedi.e, normalized and tempered 
(10400C for 1 h, air cooled to room temperature; 76Q°0 for 
1 air cocked to room temperature) ^ annealed and norn®.** 
lized (850OC for 1 hr, furnace cooled to room temperature; 
760°G for 1 h, air cooled to room temperature). On norma l izing 
from 1040 *^ 0 , austenite will couplet ^y transform to 
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lath martensite (due to sluggish kinetics of transformation) 

6 

with a high density of transformation dislocation * But 

25 

on tempering, according to Baker and Nutting , the seiuence 
of carbide precipitation is obtained 

Cement it el 

e -Carbide —>Camentite — > + 

^2® j 

Bine dispersion of J^^Cg and MC precipitates hanre 

been found to haye the composition of (Cr, Be,V) 2 ,(C,N)g 

1 

and Nb (C,N) respectively in nsodified gCr-lMo steel . 

Tempering results into lower dislocation density in the laths 

of martensite (likely to be ferrite). Big, '3.^8 aiKi 3.*!9 

reveal the microstructure of normlizedarKi tempered steel. 

Annealing and normalizing of the steel, in the microstructure 

(Big, 3, 20, 3,21)^ nearly congplete carbides precipitation 

preferentially along the grain boundaries (as the hi^ energy 

sites) and almost dislocation free grains of feixite. These 

microstructures of two type of steels are responsible for 

their corresponding strength. Tensile and yield strength 

of nKjdified 9Cr-1Mo steel are found higher than that of 

1 

corresponding, steel's strength of Sikka et.al. . The 
reason for this is the appreciable higher strain rate 
applied for test as compared to that of others. Oxidation 
at 6500C, gives the tempering treatment. Heating at 650oC 
for shorter time in the normalized and tempered steel results 
in the rearranging of dislocations and slightly more carbide 
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precipitation but in annealed and norcalized steel, slight 
grain coarsening occurs. So these treatments result into 
small decrease in the strength (tensile, yield, fracture) 
at the test tenperature with increase of oxidation time. 

The negligible oxidation of sample occurs even during the 
testing at 540°G in air. It is evident from Pig, 3. 22 as 
•well as brownish colour of sample surface that the oxidation 
is negligible even after test at 540*=C. 

Mechanical properties are very much dependent on 
temperature since the mobility of atoms increases rapidly 
with temperature so diffusion controlled processes can have 
a very significant effect on high temperature mechanical 
properties. High temperature will also result, in greater 
mobility of dislocation by the mechanism of climb and in 
the irwrease of equilibrium concentration of vacancies. 

New deformation, mechanism may also come into play at 
elevated tenperatures. In s«ane netals the slip system 
changes or additional ^ip systems are introduced with 
increase of temperature. Peforsstion at grain boundaries 
becomes an added possibility in high temperature deformation 
of metals. Prolonged exposure at elevated temperature affects 

metallurgical stability of metals and alloys eg, recrystalli- 

. 20 
zation and grain coarsening, overaging , The path of 

fracture of metals at elevated temperatures follows the 

grain boundaries then the fracture is intergranular (or 

inter crystalline) in contrast to the transgranular 



(or intracrystaXline) mode of fracture coEnronly observed at 
ordinary temperature. 

In both the normalized and tempered, annealed and 

normalized san5)les, strength (tensile, yield, fracture) 

decreases with increase of temperature due to the ease of 

dislocation moYement. Pig, 3.23 and 3.24 depict the ductile 

trans -granular fracture at room teBjierature while Pig, 3.25 

3rd 3.26 give the mixed mode of fracture ( trans -granular— 

inter-gianular) at 540oG, Ductile nature of modified steel 

is confirmed by void formation as it is evident from 

Pig. 3. 27 and 3.28. Variation of total elongation and 

reduction of area may be explained in the similar way, so 

as the temperature increases, the strength decreases and 

ductility iiKjreases with respect to oxidation. In case 

normalized and tempered steel, a drop in ductility at 203 oC 

1 

is noticed which is confirmed by SiJdca et.al, invest igation. 

This effect is attributed to C or N, which can diffuse rapidly 

at 200 to 3000C and react with dislocation as they accumulate 

within the specimen during the test, and results into 

pinning effect. Below this temperature range dislocation 

remain unpinned because the time of testing is too short 

to permit an atmosphere of 0 atoms to collect around dislocation 

introduced by plastic flow, whereas at higher temperatures 

the C-atoms are so mobile that they can not act to pin 
22 

dislocation , But this reason, could not explain satis- 
factorily because in such case steel should show a peeac 
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strength at this temperature arsd enough amount of C-atocis 
IS also not available, Ittnor incr^se in the uniform 
elongation with increase of oxidation time at a test temper- 
ature is understood clearly as the reason of strength, 
ductility variation. The change in uniform elongation with 
temperature could not be understood clearly. It may be 
due to the activities of alloy elements at respective 
temperatures or else. 

The scattering in the true fracture stress could not 
be explained. Possibly one of the reasons could be the 
stress taken should be corrected for the triaxial state of 
stress existing in the tensile specimen at fracture. Since 
data required for this correction are not available, true 
fracture stress values are so frequently in error 
Variation of true fracture strain with respect to oxidation 
and temperature is according to the reduction of area as true 
fracture strain is derived from the reduction of cross-section 
area at fracture. 


3.2,2 low Cycle Fatigue Property ; 

The low cycle fatigue strength or number of cycle 
to failure decreases with increase of oxygen content in 
both normalized and teii 5 >ared, annulled and nonralizad samples. 
This may be due to two reasons: 
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(1 ) lowering of strength with increase of 

oxidation time, (2) wedging action of oxide 
scale as shown in Fig. 3. 29. Fig, 3. 30 shows 
no beach mark on the fracture surface because 
of rubbing action of two faces. 


3.2,3 Creep— fatigue and C 

Increase in the cycling strength with oxygen content 
at 540 °G for the normalized and tempered samples is attributed 
to change in microstructure, Bainitic structure with 
carbide precipitates has been found best structure for 

O f. 

creep resistance » With increase of oxidation tiiae, 
microstructure transfomci towards more stable structure 
(bainitic), Various carbides as Nb, ? carbides precipitate 
with negligible coarsening of tempered carbide and minor 
change in structure morpfadlc^y occurs as shown in Fig, 3 # 31. 

'Fig, 3, 52 shows dislocation band of fatigue at 
the gauge region. 

Increase in tensile strength and decrease in ductility 
of annealed and normalized steel after fatigue cycling 
(Table 9 (Appendix-A) ) my be due to strain hardening because 
of plastic deformtion. From optical micrograph and fracto- 
graph (Fig, 3. 33 and 3.34), it can be concluded the mode of 
fmcture is mixed in nature (Intergranular-Transgranular). 
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Improvement in stress-rupture strength of normalized 
and tempered steel, with the oxidation time can he explained 
an similar way as that of creep-fatigue strength of normlized 
and tempered steel. Fig, 3. 35 shows the microstructure of 
stress-ruptured specimen. Further this figure shows no 
intergranular creep cavitation occurs in this steel so the 
decrease in rupture strain with tune can be attributed to 

segregation of impurities to grain boundaries in long term 

28 

which reduces interfacial energy , Fig. 3. 36 shows a glimps 
of impurity segregation. Stress rupture sample shows mixed 
mode of fracture as shown in Figs, 3. 37 and 3.38, 

It is evident fix)m Fig. 3. 39 and 3.40 that void 
density in cre^ fatigue and stress-mptured samples are 
higher than that of sLraple tensile tested samples (Fig, 3. 2? 
and 3.28), This excessive voids fcsmiation may be due to 
extra precipitation as evidenced by the appearance of extra hi}t^ Of 
peaks in X-ray diffraction a£ stress-ruptured samples compared 
with simple tensile tested sample and microhardness 
(Table 1 1 (Appendix -A) ) , 

Scattering in meclmnical property may origimte 

from two sources; test parameter variability and metallur- 

29 

gical variability , Test variable my be stress and 
temperature, sample surface finish, dimension etc, and 
metallurgical variable may be conqjositional, microstructural. 

Figure 3.41 shows one of the various defec^^s in 
the present wco^'k. 
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Pig. 3. 19: normalized and 
t ordered sample, terjsile 
tested at 250 c, X 1200 








Pig. 3*24: Fracture edge of 
annealed and normalized sample, 
tensile tested at 25 "oc, X 1200 


Fig, 3 . 2 5 : Fracture edge of 
normalized and tempered sample 
tensile tested at 5400C^X 1200 



Fig. 5.26: Fracture edge of Fig,3.27: Normalized and 

annealed and normalized sarrole, teii|>ered sample, tensile tested 

tensile tested at 540°C,X 12CC at 250 C, X 500 



Fig, 3.28: Normalized and Fig.3.29: Oxide scale on 

tempered sai^pie, tensile tested the fatigued sample. X tOCK) 
at 25ctC, X 1000 




J'ig . 3 . 32 : Gauge re, 
lized and tempered 
fatigued at 540oc 


Pig, 3 ^35 : Fracture edge of 
annealed and normalized 
fatigued and tensile tested at 
540»C, X 1200 


2^3.34: Waled and noraialized Fig.3.35: li<OTmltzed a^ tei^ered 
SSif and tensile sampls, stress-ruptured at 

tested at 540oc, x I500 540^0. X 1200 





Pig. 3. 36: Normalized and tempered 
saii 5 )le, stress-ruptured at 
540OC, X 2100 


y 

5'ig*3.37: Fracture edge of 
I^I^^^^Ptured sample at 540 


fi^A 


( ■••a 


r ^4 


1. J »1 














^ig#3-^40: Normalized and tempered 
sa^e, stress-ruptured at 540^0, 

A ^50 


^^S»3«415 Nom^i 
tempered sauipi^Q 
at 540«C, X 250 ’ 
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The conclusaoneon the study of effect of o" idation 
on Mechanical BehaTiour of Modified 5Cr-''»Mc fern^ic steels 
are summrised helow. 

1. The oxide scale made at 650°C consists of molybdenum ox^de, 
iron— chrome spinel and iron oxide m outer layer. 

2. The slight decrease in strength (tensile, Yield, fracture; 
at the test temperature with increase of oxidation time is 
attributed to the microstructural changes, 

3. The strength of this steel (normalized ar.d tempered, 
annealed and normalized) decreases with increase of temper- 
ature. 

4. The ductility of modified 9Gr-1I^ steel is obser-/ed 
increasing with the temperature bub drops at ■a ^or 
normalized and tempered conditmn* 

5. The fatigue strength is decreased with increase of 
orygen content in both normalised and tampered, annealed 
and normalised conditions. It is attributed to the wedging 
action of oxides and the miorostruoture of steel. 

6. The creep-fatigue strength and creep strength is found 
to be improved with increase of oxidation tine under 
normalized and tempered condition of this steel. This is 
due to the precipitation of carbides and stabilized structure 
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probably of bainitic nature, 

7 , The fractography, X-ray diffraction studies revealed 

the hig^®^ density of voids in stress-ruptured saicple ccr;~* 2 rei 
to the tensile tested sample -which is an evidence of 
precipi'tat ion in the matrix during creep. 

8, The tensile strength at 540°C after the cycling at same 
temperature is observed to increase under annealed and 
normalized condition. It may be, due to the strain hardening 
resulting from plastic deformation. 



probably of bainitic nature, 

7. The fractograpkQT, X-ray diffraction stuares revealed 

the higher density of voids in stress-ruptured sarpl? co-paix 
to the tensile tested sanple vhich is an evidenci of 
precipitation in the matrix during creep. 

8, The tensile strength at 540=C after the cycling at same 
temperature is observed to increase under annealed arid 
normalized condition. It may be due to the strain hardening 
resulting from plastic defomaticn. 


Present work is a preliriirja.ry attsrrpt towards the 
understanding of effect of oxidation on r. 9 chanical lehaTiorr 
of modified 9C5r-lMo steel. However, a large numter of 
querries are still unsolved. Hence a further work is needed 
to understand the alloy behaviour more clearly. Some of these 
are worth mentioning here, 

1 . To study the effect of oxidation on the mecnamcal 
behaviour at the higher temperature for the ior-ger duration 
of time. 

2, The scattering in data of true fracture stress and other 
related mechanical properties need a detailed investigation. 
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TABEiB 2 ; The results of tensile tests at 205°C for normalized and tempered steel 
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The results of tensile tests at 4250C for normalized and tempered steel 





TAEDB 4 : The results of tonsilo tests at 540^0 for normalized 
tempered steel 
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TABL3 9 : Results of tensile test at 540°Cj after 

creep-fatigue perforried on modified 9Gr-lMo 
steel (annealed and normalized) 


, ,1 „ - ^ 

f 

Details of sample } 

t 

1 

UTS 

Eg/ran 

Total elonga- 
tion, % 

0.02% oxj^gen-creep-fatigue tar 
9.25 hr. ''lC""C"gle with max. 

stress 27.4 '.zg/zr.^^ than tensile 
test 

34.02 

46,09 

0.04% oxygen-creep-fatigue for 
10.5 hr, (10^ cycle with max, 
stress 28*8 kg/mnr) than tensxle 
test 

36.02 

43 

oxygen-creep-fatigue for 

11 hre, (5000 cycle with max. 
stress 27,4 kg/mm^ , 5000 2 

cycle with max. stress 30kg/inm , 
5 000 cycle with max. stress 
32 kg/iira ) than tensile test 

59-82 

39 
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Table 10 ; Stress-rupture (at 540®C) data for mjdified 
9Gr-lMo steel (norralizsd and tempered) 


» I f 

t V f 

Specimen with | SpeciTOn with iSpecir.er. with '.Specimen with 
oxygen 0,00% \ oxygen 0.01% J oxygen 0.02% * oxygen 0.03% 

^ ! I 



1 




} 



Time 

Strain 

Time 

strain ' 

rime 

Strain 

, Time 

strain 

»hr» 

% 

'hr' 

% 

'hr* 

% 

'hr' 

% 

0.0 

8.5 

: 0.0 

8.9 10.0 

9-2 

0.0 

9,6 

1 .4 

11.3 

1.2 

15.1 

1 

1.0 

Failed 
due to 
^erk 

0.4 

13.8 

6.6 

16.2 

15.0 

26.3 

- 

- 

4»4 

21.5 

20.0 

24.0 

i 

46.0 

30 

Failure 

- 

- 

64.9 

I 

25.7 

38.0 

32,2 I 

— 

i 


— I 

79.8 

27.8 

Failure 

40,2 

34 

Failure 

; — 
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Table 10 : Stress-rupture (at 540oC) data for modified 

9Cr-lMo steel (normaliz^i and ter:pered) ! 


I I I 

Specimen with j Specirten with {Specimen with {Specimen with 
oxygen 0.00% { oxygen 0.01% {oxygen 0.02% {oxygen 0,03% 

! « I 


Time 

- I 

Strain 

Time 

Strain ' 

rime 

1 

) 

Strain J 

Time 

Strain 

’hr’ 

% 

’hr’ 

% 1 

1 

’hr* 

% 

’hr’ 

% 

0.0 

8.5 

0.0 

! 

8.9 iO.O 

9.2 

0.0 

9.6 

1 .4 

11.3 

1.2 

15.1 ! 

1 

1.0 

Failed 
due to 
jerk 

0.4 

15.8 

6.6 

16.2 

15.0 

26.3 

- 


4's4 

21.5 

20.0 

24.0 

46.0 

50 

Failure 

I - 

- 

64.9 

25.7 

38.0 

32.2 1 

— 



j 

79.8 

27.8 

Failure 

40,2 

34 

Failure 

— 
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TABLE 11 : Eesults of the nicrohardness test, perfoir-ed 
on sample tested for Tarious conditions a+ 
room temperature using Yicker Pyramid- * 
indent or of 136° phase +-0 phase* anj^le 


x»etaiLs oi tne sample 


f 


Annealed and normalized, sai! 5 )le tensile tested ■’97,1 
at room temperature (II o oxidation) 

Annealed and normalized, sample tensile tested 201 ,88 
at 540° C (oxidized fcr 1-| hr) 

Annealed and normalized, sample creep fatigued 260.98 
and tensile tested at 540°C (oxidized for i-t hr) 

normalized and tempered, sample tensile tested 278.78 
at room teinperature (Vo oxidation) 

normalized and tempered, sample stress-ruptured 260,98 
at 540°C (oxidized for 1-| hr) 

Tormalized and tempered, sample stress-ruptured 2-- 2~ 
at 54C°C (Bo oxidation) 

normalized and tempered, sample creep fatigued 275.83 
at 54C°C (oxidized for f hr) 

rorralized and tecperad, sample creep fatigued 283, E 
at 540° C (oxidized for 1 hr) 
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X-ray- 


Diffraction Data for some important compounds 


Compouni 

’d’ 

values 

l/l^ ratio 

Card Ho, 

-le^O, 

2.69 

1.69 

2,51 

100 

60 

50 

13-534 

— 0^ 

2.52 

2.95 

1 .61 

101 

ioi 

ioi 

15-615 

C j 

S’eA 

2.53 

1.61 

1.48 

100 

85 

85 

11-614 

J 4 

DeO 

2.15 

2.49 

1.52 

100 

80 

60 

6-615 

-Fe20^.H^ 

4.21 

2.69 

2.44 

loo 

80 

70 

38-97 

D aOr^D^ 

2.51 

1.91 

1.61 

100 

75 

75 

4-759 

DeMoO* 

2.88 

1.68 

3.56 

100 

70 

40 

16-326 

Mo0« 

3.41 

2.42 

1.70 

100 

85 

80 

5-0^52 

iCm 

KoO-z 

3.26 

3.81 

3.46 

100 

82 

61 

5-508 

j 

(Cr,Fe)^0™ 

1.68 

3.68 

2.69 

loo 

80 

80 

2-1357 

€m J 

CroN 

2.10 

2.38 

2.22 

100 

25 

25 

1-1232 

CrN 

2.07 

2.39 

1.46 

o 

O 

80 

8t 

11-65 

CrgO, 

2.67 

2.48 

1.67 

100 

96 

90 

6-504 

CrO, 

3.11 

1.63 

2.42 

loo 

75 

60 

9-332 

GrC^ 

4.16 

3.42 

3.36 

100 

100 

100 

9-47 








